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Abstract 



We constructed rephasing invariant measures of CP violation with elements of the 
neutrino mass matrix, in the basis in which the charged lepton mass matrix is diagonal. 
We discuss some examples of neutrino mass matrices with texture zeroes, where the 
present approach is applicable and demonstrate how it simplifies an analysis of CP 
violation. We applied our approach to study CP violation in all the phenomenologically 
acceptable 3-generation two-zero texture neutrino mass matrices and shown that in any 
of these cases there is only one CP phase which contributes to the neutrino oscillation 
experiment and there are no Majorana phases. 



1 Introduction 



In the standard model there is only one source of CP violation, which is in the charged- 
current mixing matrix in the quark sector. The charged-current mixing matrix in the quark 
sector contains one CP phase, which has been observed. It is not possible to identify the 
position of the CP phase, since it is possible to make any phase transformations to the quarks. 
However, it is possible to define a rephasing invariant quantity as product of elements of the 
mixing matrix that remains invariant under any rephasing of the quarks pJEj. This is known 
as Jarlskog invariant. 

In the leptonic sector, standard model does not allow any CP violation. If one considers 
extensions of the standard model to accommodate the observed neutrino masses, then there 
can be several CP phases IH 13 El • In the simplest scenario of three generations, there 
could be one CP phase in the mixing matrix in the leptonic sector, similar to the quark 
sector. In addition, if neutrinos are Majorana particles they can have two more Majorana 
CP phases |3]. In this case it is possible to work in a parametrization, in which all the three 
CP phases could be in the charged-current mixing matrix in the leptonic sector. One of these 
CP phase will contribute to the neutrino oscillation experiments, while the other two will 
contribute to lepton number violating process like neutrinoless double beta decay. A natural 
explanation for the smallness of the neutrino masses comes from the see-saw mechanism 
The origin of small neutrino mass then relates to a large lepton number violating scale. It 
is quite natural that this lepton number violation at the high scale would also explain the 
baryon asymmetry of the universe through leptogenesis [HI [HI- This connection between the 
neutrino mass and leptogenesis makes the question of CP violation in the leptonic sector 
more interesting [HllEl- 

The CP phases in the leptonic sector has been studied and rephasing invariants for 
both lepton number conserving as well as lepton number violating CP violation have been 
constructed [2]. In this article we try to study this question only in terms of neutrino masses. 
Since neutrinos are produced only through weak interactions, it is possible to work in the 
weak interaction basis, in which the charged lepton mass matrix is diagonal. The neutrino 
mass matrix in this basis will then contain all the information about CP violation. We try 
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to find rephasing invariant combinations of the neutrino mass elements, so that with those 
invariants some general comments can be made about CP violation in the model without 
deriving the structure of the charged-current mixing matrix. 

2 CP Violation in the Quark Sector 

We briefiy review the rephasing invariants in terms of the mixing matrices and then show 
how the same results can be obtained from the mass matrix without taking the trouble of 
diagonalizing them in the leptonic sector. Consider first the quark sector, where the up and 
the down quark mass matrices are diagonalized by the bi-unitary transformations. We write 
the corresponding unitary matrices that relates the left-handed and right-handed physical 
(with definite masses) up and down quarks fields to their weak (diagonal charged current) 
basis as: Ul, Dl, Ur and Dr. Then the charged current interactions in terms of the physical 
fields will contain the Kobayashi-Cabibbo-Maskawa mixing matrix 

V = D[Ul. 

Since the right-handed fields are singlets under the standard model interactions, they do not 
enter in the charged current interactions. In any physical processes, only this CKM mixing 
matrix would appear and hence the matrices Ur and Dr becomes redundant. So, the up 
and down quark masses have much more freedom and the physical observables that can 
determine the Vai cannot infer about the up and down quark masses uniquely. 

For the CP violation, one needs to further consider the rephasing of the left-handed fields. 
Any phase transformation to the up and down quarks will also transform the CKM matrix 

T/ . „-i{da-Ui) 

However, if there is any CP phase in the CKM matrix, which cannot be removed by any 
phase transformations of the up and the down quarks, should be present in the Jarlskog 
invariant [U [2] 

J^.^,=lm[V^,V^,V:^V;,]. (1) 

Thus if the Jarlskog invariant is non- vanishing, that would imply CP violation in the quark 
mixing. It is apparent from the definition that any phase transformations to the up and 
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down quarks cannot change Jaipj- In a three generation scenario there can be only one such 
invariant and hence the CKM matrix can have only one CP phase, which is invariant under 
rephasing of the up and the down quarks. 

3 CP Violation in the Leptonic Sector 

In the leptonic sector, the charged lepton mass matrix can in general be diagonalized by a 
bi-unitary transformation. In addition, the neutrinos are produced in weak interactions, so 
the flavour of the neutrinos at the time of production is always same as the flavour of the 
charged lepton. The charged-current interaction is given by 

= -| I.Ll'-VL W- (2) 

in the basis {Uh^i = e, /i,T) in which charged lepton mass matrix is diagonal, i.e., the states 
e, II, T correspond to physical states. Without loss of generality we further assume that 
elements of the diagonal charged lepton mass matrix are real and positive. 

The neutrino mass term can be written as 

Cm = M^ij VjL = M^ij z/^ Vji (3) 
so that the neutrino mass matrix can be diagonalized by a single unitary matrix U through 

M^U = K"^ (4) 

where My = diag[mi, m2, m^] is a real diagonal matrix and i^' is a diagonal phase matrix. 
The unitary matrix Uia (with i,j = e,jjL,T and a,b = 1,2,3) relates the physical neutrino 
states Ua (with masses m^) to the weak states 

= U:, V, + Ki;^ Uai (5) 

so that the physical neutrinos satisfy the Majorana condition 

v = K^ v\ (6) 

The Unitary matrix U thus gives the mixing of the neutrinos and hence neutrino oscillations, 
which is known as the PMNS mixing matrix ^Hl and K is the Majorana phase matrix 
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containing the Majorana phases, which are the new sources of CP violation entering due to 
the Majorana nature of the neutrinos. The PMNS matrix U also can contain CP violating 
phases, which should be observed in the neutrino oscillation experiments. We call these 
phases in the PMNS mixing matrix U as Dirac phases to distinguish them from the Majorana 
phases. The main difference betwen a Majorana phase and a Dirac phase is that the Majorana 
phases do not affect any lepton number conserving process like neutrino oscillations. On the 
other hand, the Dirac phases may contribute to both lepton number conserving as well as 
lepton number violating processes. 

From the above discussions it is apparent that the information about the CP phases can 
be obtained from either U and K or only from the mass matrix Mi^. In the literature the 
question of CP violation is usually discussed by studying U and K. In this article we point 
out that it is possible to study the question of CP phases only by studying the neutrino mass 
matrix M,^. In particular, the information about CP violation is conveniently obtained from 
the rephasing invariant combinations of neutrino mass elements. When the neutrino masses 
originate from see-saw mechanism, the question of CP violation has been studied in details 
and similar invariants have been constructed 0. Our approach is different and we do not 
restrict our analysis to any specific origin of the neutrino masses. Our results are general 
and applicable to any models of neutrino masses. 

Consider the transformation of different quantities under the rephasing of the neutrinos 

f piVa p 

Ki ^ e^'^K,. (7) 
From these transformations it is possible to construct the rephasing invariants 

Saij = Ua^U:^K*K,. (8) 

In the three generation case there will be three independent rephasing invariant measures. 
There is another rephasing invariant which is similar to the Jarlskog invariant in the quark 
sector, 

taibj = UaiUbjU*jU^i, (9) 
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so that Taibj — Im taibj and Saij — Im Saij becomes the measure of CP violation. Taibj 
contains the information about the Dirac phase, while Saji contains information about both 
Dirac as well as Majorana phases. One can then use the relation 

to eliminate the invariants T's or else keep the T"s as independent measures and reduce 
the number of independent 5"s. One convenient choice for the independent measures is the 
independent taihj^ and suj^- In the three generation case there is only one taihj and two si^s. 
The advantage of this parametrization is that the measure Taihj gives the CP violation in 
any neutrino oscillation experiment, while the measures Suj corresponds to CP violation in 
lepton number violating interactions like the neutrinoless double beta decay or scattering 
processes like W~ + W~ + ij also. 



4 Rephasing Invariants with Neutrino Masses 

We shall now proceed to construct such measures of CP violation in terms of the mass matrix 
itself. The rephasing invariant measures with the mixing matrix can allow all the rephasing 
invariants non-vanishing even when there is only one Dirac phase. However, in the present 
formalism, the number of rephasing invariants is same as the number of CP phases. So, 
we can find out if there is any Majorana phase or not. Since the neutrino mass matrix is 
diagonalized by a single unitary matrix, the mass matrix contains all the information about 
the PMNS mixing matrix and also the mass eigenstates. However, this is not obvious with 
the CP phase. When the neutrinos are given a phase transformation, the mass matrix will be 
transformed the same way. Since the we are working in the weak basis, any transformation 
to the charged leptons can be transformed to the mixing matrix and in turn to the neutrino 
masses. Thus the phase transformation to the mass matrix will become 

iSi 

M^ij e'^^^+^^-'^-'^^^M^ij. (10) 
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Consider the transformation E XE, where X is the phase transformation to the charged 
leptons. The mixing matrix will transform as t/ — > X*U. However, in equation El this 
transformation can be interpreted as a transformation to the mass matrix, M — > X*MX*. 
Thus any rephasing invariant measure constructed with only the mass matrix will contain 
the information about CP violation. 

Unlike the mixing matrices, the mass matrix is not unitary and instead it is symmetric. 
We write the elements of the mass matrix Mi, as rriij and try to construct the rephasing 
invariants in terms of rriij. This analysis do not depend on the origin of neutrino masses. 
We work with the neutrino mass matrix after integrating out any heavier degrees of freedom 
and in the weak basis. Any quadratic terms that can be constructed from the elements of 
the neutrino mass matrix are all real, expected. Let us next consider the 

quartic terms 

lijki = mijmkim*imlj. (11) 

It is easy to check that any three factors of the above quartic invariant can be made real 
by appropriate rephasing, but fourth one will remain complex. Since there are n re-phasing 
phases one can get n number of linear equations to make mass elements of the mass 
matrix to be real. So n number of entries (excluding symmetric elements) of the mass matrix 
can be made real, but positions of the mass entries can not be chosen randomly. That is the 
reason why all the above rephasing quartic invariants can not be made real in general. An 
nxn symmetric matrix has n{n + l)/2 independent entries and so it has the same number of 
phases. By appropriate rephasing, as argued above, n independent phases can be removed. 
Then, one is left with n{n — l)/2 number of independent phases. 

To find out the minimal set of rephasing invariants we list some of the transitive and 
conjugation properties of the invariants: 

^ijpl-^pjkl l^pj'^p^l -^ijkl 

■^ijkp-^ipkl I'^ip'^kpl '^ijkl 

and 

^ijkl = ^ilkj = ^klij = '^kjil (12) 
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Using these relations it can be shown that all the Tij^i are not independent and they can be 
expressed in terms of a subset of these invariants 2jjaa and the quadratic invariants as 

'Y 'Y '7"* '7"* 

Mjaa-^klaa-^liaa-^kjaa „n, 
-^ijkl — I iji 1^ U-Jj 

Where i,i ^ a and a = 1, 2, n, where n is the number of generations. On the other hand, 
any quartics of the form Iijaa can be expressed in terms of Ip/Saa as 

im[A,«„j im[A«„,j Re [I,o.a,] {\mu\' \m,j\^y ^ ' 

Thus we can express all other invariants in terms of Xajj and hence consider them to be 
of fundamental importance. However, when there are texture zeroes in the neutrino mass 
matrix, some or all of these invariants Xujj could be vanishing. In that case, it is convenient 
to use the lijaa as the measure of CP violation. For the present we shall concentrate on 
the more general case with neutrino mass matrices without any texture zeroes, when the 
simplest rephasing invariants are lujj. 

We can thus define the independent CP violating measures as 

lij = Im [liijj] = Im [liijj] = Im [mnmjjm*jm*i], {i < j) (15) 

These are the minimal set of CP violating measures one can construct and this gives the 
independent CP violating quantities. Since I^j satisfies 

lij — Iji and In — 0, 

there are n{n — l)/2 independent measures for n generations. 

We ellaborate with some examples starting with a 2-generation scenario. There are three 
^ijki, two of which are real: X1211 = |?77.iimi2p; and X1222 — |?^i2?^22p- The third one can 
have imaginary phase, which is /12 = Im[2'ii22] = Im [miim22?7?.i2"^2i] ■ the 3-generation 
case there are thus three independent measures /12, -^13, -^23- Imaginary phases in all other 
quartics T^jki are related to only these three independent measures. For example. 



-^-1223 



A*2 • -^23 ■ -^13 



Similarly, for 4-generations there will be six rephasing invariant independent phases, which 
are 1 12, hs, hi: h4: -^24, -^34- 
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The above arguments have been stated without considering any texture zeroes in the 
mass matrix. If any element of the mass matrix is zero, then these discussions have to be 
generalized. It is because some quartic invariants can become undefined because of vanishing 
denominator of the right hand side of the expression [T31 and [HI In that case one needs to 
consider all possible invariants Xijki, which could be non- vanishing. In addition, even if all 
the quartic invariants vanish, the product of six mass matrix elements of the form 

Xijkipq = rriij mu rripg m*i mlg m*j 

could be non-vanishing and can contribute to CP violation. When there are no texture 
zeroes, the product of six mass elements do not contain any new information about CP 
phases, they are related to the quartic invariants 

7- _ -^ijkl ^pqkj /^„N 

-^ijklpq I |2 • \^^) 

Other products of six mass elements are of the form, rriij iriki rupq m*i mlj rrip^ = |mpgp Xijki 
or \mij rriki m^gp. 

We summarize this section by restating that when all elements of the neutrino mass 
matrix are non- vanishing, lij, {i < j) gives the total number of Dirac and Majorana phases. 
If some of the elements of the mass matrix vanishes, then either Xijki or Tijkipq could also 
represent some of the independent phases. 



5 CP Violation in Lepton Number Conserving Processes 

The rephasing invariant independent phases contained in Iij,i < j, are inclusive of the 
Dirac phases as well as the Majorana phases. We shall now identify the rephasing invariant 
measures, which is independent of the Majorana phases, which would enter in the neutrino 
oscillation experiments. The mass matrix (Mj,) in terms of the diagonal mass matrix (M^) 
can be expressed following equation HI as 

= U* 

Thus the products 

M = {Ml M^) = (M^ Ml)* = U MlU^ (17) 
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are independent of the Majorana phases K and any rephasing invariant measure constructed 
with elements ihij of M will contain only the Dirac phases and hence should contribute to 
any lepton number conserving processes. 

The mass-squared elements fhij transforms under rephasing of the neutrinos and charged 
leptons as 



fhij e'^^^-^'^mij. (18) 



Neutrino rephasing does not appear because it cancels in M. Since the mass-squared matrix 
My is Hermitian, Ml = M^, the mass elements satisfy 

rhij = m*i. (19) 

Thus the simplest rephasing invariant that can be constructed from the mass-squared matrix 
My is just rfiii. However, from equation ITTH it is obvious that this is a real quantity. The 
next possible rephasing invariant would be a quadratic term, but even that is also real 

fhijfhji = mijm*j = \'fhij\'^. 

Thus the simplest rephasing invariant combination that can contain the complex CP phase 
is of the form 

Jijk = rhij fhjk fhki (i^ j ^ k). (20) 

Im[j7Jjfc] are antisymmetric under interchange of any two indices and hence vanishes when 
any two of the indices are same. We can express J'ijk in terms of M matrix elements as. 




^m*^mfc^j (^ml^nii^^ (21) 



Where m*^mja can be interpreted as scalar product of ith and jth row. A similar invari- 
ant was constructed in the case of see-saw model of neutrino masses in ref. (B], although the 
approach to the problem is completely different. In this expression, if any one scalar product 
vanishes then number of independent rephasing measure Im[j7ijfc] which are independent of 
the Majorana phases will be reduced by one. 
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It is possible to express all the rephasing invariants containing the Dirac phases Jijk in 
terms of a minimal set of invariants Jijn, (i < j < n) as 

^ _ >Jijn>Jjkn>Jkin 

Uijk I II II I \ ) 

\^^in\ I'^jnl l^^/cnl 

where n is the index corresponding to the number of generations. Thus we define the 
measures of CP violation in lepton number conserving processes as 

Jijn = lm[Jijn] {i< j <n). (23) 

These invariants Im[j7ij7c] are not independent of the invariants Tijki and can be exressed as 

y^I^a^b^T^^ (24) 



la 



So, the independent measures lij include these independent measures of Dirac CP phases 
Im[Jij„], {i < i <n). 

There are n{n — l)/2 phases present in M for n generations, but all of them are not 
independent, {n — 1) of these phases can be removed by redefining the phases of the leptons. 
That leaves "^-""'''^ — n = (j^ independent phases in M. This is the number 

of Dirac phases and may be observed in neutrino oscillation experiments. Let us assume 
that some particular n — 1 entries are made real with appropriate rephasing. We can take 
all possible pair-product of these real entries. To have non-real rephasing invariant Jijk-, 
one will have to multiply pair-product with some complex entry. For each real pair-product 
there correspond only one complex entry so that there product is a complex rephasing 
invariant defined as in equation [201 So number of all possible pair of real entries will give 
the number of non vanishing rephasing measures independent of Majorana phases which is 
{n~i)(j^ _ (n-i^n-2) rjnj^jg numbcr is same as the number of physical phases present in M as 
it has been analyzed earlier. 

In the 2-generation case there is only one CP phase which is a Majorana phase. Which 
implies there should not be any non- vanishing Jijk, which is trivial to check. In the 3- 
generation case there is only one Dirac CP phase, which is 

Ji23 = rhi2 17123 rhsi = ["^ai ^a2 rnl^ rribs m*^mci] . (25) 
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Thus given a neutrino mass matrix one can readily say if this mass matrix will imply CP 
violation in the neutrino oscillation experiments. 

In the 4-generation case there are three CP phases in the PMNS mixing matrix and 
3-Majorana phase. The independent rephasing invariants of Dirac phases will be given as 
i7i24, J7i34 and i7234 ■ One dependent rephasing invariant is Jyiz which can be expressed as 

JV2Z — — - — - — r^- 
|mi4m24m34p 

In general, these invariants satisfy 

JijkJiklJilj = \'n^i3'1T^ik'fi^il\^ Jjkl (26) 

for n generations, where /c = l,2,...,n. 

We summarize this section by restating for n-generation neutrino mass matrix without 
any texture zeroes, the rephasing invariants corresponding to the Dirac phase are {i < 
j < n). If there are texture zeroes, then some of the Jjjfe, {i < j < k, k ^ n) could also be 
independent. 



6 Texture Zeroes 



In case neutrino mass matrix contains zero textures in all the columns, it is convenient to 
define independent rephasing invariants in slightly different form as, 

Tlijnn = lim 1 j-j ^-j r (Vfc for which nikn = and i, j 7^ n) (27) 

Limit has to be taken for all zero textures present in nth column. Any other quartic rephasing 
invariant can be expressed in terms of these independent rephasing invariants TZijnn as, 

^ijkl = 'T^ijnnT^klnnT^linrJ^kjnn (28) 

We can define independent rephasing invariant measures as, 

Iijn^lm\Rijnn] {ijT^n) (29) 

Advantage of defining the independent re-phasing invariants TZijnn as the limiting case is 
that the expressions do not become undefined due to presence of vanishing denominators. 
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Let us write above expression in a different form as, 

'R'ijnn = |mij|e*^^*^+^"""''*"~''^"^ ^ n and i < j) 

Where 9kn is the phase present at {k, n) entry of the mass matrix. If there are some zero 
textures in nth column, then the phase corresponding to this zero entry present in expression 
of TZijnn must be unphysical. Let us assume that there is a zero texture at (1, n) position 
in neutrino mass matrix. Then the unphysical phase 6in will appear in some of the inde- 
pendent rephasing invariants as defined above in equation 25, which will allow us to make 
one of the independent rephasing invariants Rijnn to be real eliminating corresponding CP 
measure. So one rephasing invariant measure vanishes corresponding to one zero texture in 
the nth column. One independent rephasing invariant (and so one CP measure) vanishes 
corresponding to the zero textures present in other than nth column (or nth row). Thus the 
number of independent CP measures Ncp for neutrino mass matrix having p zero textures 
and q zero rows for n generations is given by 

nin — 1) , , 

Ncp= \ ' -p + q (30) 

In the same way we can study the mass-squared matrices M and write down the number of 
rephasing invariant measures independent of Majorana phases Ncp is given as 

~ (n-l)(n-2) 

Ncp = ^ ^ -r + s 

where r is the number of zero entries in M and s is the number of those rows whose all the 
entries excluding diagonal one are zero. It should be noticed that above relation of Ncp is 
only valid if Ncpis not zero. 



7 Application to Two-zero Texture Mass Matrices 

With our present formalism, we shall now study a class of 3-generation neutrino mass ma- 
trices with two-zero textures, which has been listed in ref. [H]. There are seven such mass 
matrices that are consistent with present information about neutrino masses: 
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From our discussions in the previous section, there can be only one CP phase in all these 
cases. We shall now identify the rephasing invariants in all the cases. Although all these 
matrices differ in phenomenology, as far as CP violation is concerned, the interchange of 
the indices (2 <-> 3) will not change any discussion. So, we shall not explicitly discuss the 
models A2, B2,B4, which can be obtained by changing the indices (2 <-> 3) from the matrices 
Ai,Bi,B^ respectively. 



Case All 

There is only one non- vanishing lij, which is /23- The lepton number conserving rephasing 
invariant measure J123 is given by 

[ J123] = Im [(mg^maa) {ml^m2z + ^3277133) (7713377131)] 

= \m^i?l2^ (31) 

Thus there is only one Dirac CP phase in this case, which will contribute to the lepton 
number conserving processes. The same result is valid for A2. 
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Case Bi: 



In this case all the measures lij are vanishing. Even the invariants of the form lij are 
all vanishing. However, there is one CP phase as discussed in the previous section. The 
invariant X122133 is non-vanishing, which cannot be related to to the lower invariants by 
2^122133 =^1221 •^3322/1^^225 since 777,22 = 0. The lepton number conserving invariant is related 
to this invariant by 

[J123] = Im[(m*i777i2) (7773277733) (7772377721)] 

= Im[Ji22133]- (32) 

Again there are no Majorana CP phase. The analysis is same for the case B2. 
Case B3: 

There is only one non-vanishing CP violating measure /13, which is related to the lepton 
number conserving measure by 

[-^123] = Im [(7773177732) (7713277733) (77ii377iii + 7713377131)] 

= 1 77732 1^/13. (33) 

There are no more CP phase left in addition to the one entering in lepton number conserving 
processes. Replacing the indices (2 3) we get for the case B^ a similar relation [J123] = 

1 77132 1^/12. 

Case C: 

This is the most interesting case. There are no CP violating measures of the form 7^, 
although the invariant X1123 is non-vanishing. So, there is one CP phase in this 
expected. This is related to the CP violating measure that affects lepton number conserving 
processes by 

J123 = Im[(7nii7ni2 +7713177132) (mi2mi3) (77ii377iii 7712377121)] 

= 1 77712 I ^Ill23 + 1 77713 1^*123 • 
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Although this shows that the phase is a Dirac phase, in the special case of rriu — mis, there 
will not be any CP violation in the neutrino oscillation experiments. This can be verified 
from the fact that for mi2 = mis the third mixing angle and hence U13 vanishes. In this case 
the CP violation can originate from a Majorana phase, since J123 vanishes even when Imii23 
is non- vanishing. 

Another way to understand this is to write the mass matrix in a different basis. When 
mi2 = 17113, we can write the mass matrix C as 

f X X \ 

X X 
\ X J 

In this case the third generation decouples from the rest and we know that for two generation 
there is only a Majorana phase, which corresponds to non-vanishing I12 and there is no Dirac 
phase, as we stated above. This is the only example of two-zero texture mass matrices where 
the CP violating phase could be a Majorana phase, but this mass matrix is not allowed 
phenomenologically. 

Thus there are no phenomenologically acceptable two-zero texture neutrino mass matri- 
ces, which has any Majorana phase. The only CP phase possible in any two-zero texture 
3-generation mass matrix is of Dirac type and should allow CP violation in neutrino oscilla- 
tion experiments. 

8 Summary 

In summary, we constructed rephasing invariant measures of CP violation with elements of 
the neutrino masses in the weak basis. For an n-generation scenario, in the absence of any 
texture zeroes there are n{n — l)/2 independent measures of CP violation, given by 

lij = Im [mumjjm*jm*i] {i < j) 

which corresponds to n{n — l)/2 independent CP violating phases. Only (n — l)(n — 2)/2 
of these phases of CP violation can contribute to the neutrino oscillation experiments and 
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are independent of the Majorana phases for which the rephasing invariant measures of CP 
violation can be defined as 

Jijn = XI Im [(m*„ rrija) {m*^ rrinb) (m^^ ruic)] {i<j<n). 

a,b,c 

We then defined invariants for mass matrices with texture zeroes and ellaborated with some 
examples. We studied all the phenomenologically acceptable 3-generation two-zero texture 
neutrino mass matrices. We show that there are no Majorana phase in any of the allowed 
cases. 
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